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????? (Secondary ion mass spectrometry:SIMS) [9]????????????????
????? (matrix-assisted laser desorption/ionization:MALDI) [10]?????????SIMS
???1?? 20 keV???????????????????????????????
?????????????????????????????????????????




???????????? 500?? 1000 Da(1.6610 21 g)??????????????
?????????????? Ar???????? Ar????????????? (gas









MALDI???? 10? (1.6610 19 g )??????????????????????
????? 100? (1.6610 18 g)??????????????????Kim??MALDI
???? 5 nm??????????????????????????????? [14]?
SIMS???MALDI???????????????????????????????
?? 106 Da???????????????? 1.0 ag????1.0 ag?? 1.0 mg????
?????????????????????????????????????????


















































????????? [15]???????????????? [16] “On the theory of the























???? [15]?????m???????z ????? [16]?F(t)???????????
????? F(t)?????????????????????????????????




















(A) t = 0???????? u0????????????? t ??????? A(t)???
? 0????
hA(t)iu0 = 0 (2.3)
hwi? w?????????
(B) 2??????? t1?t2?????jt1  t2j??????????A(t)???????
????




























+w2x(t) = A(t) (2.6)






+w2x(t) = 0 (2.7)
?????? (2.7)? x????????????
x(t) = a1em1t +a2em2t (2.8)
????a1?a2?????????m1?m2??????


















10 ? 2? ????????????????????????????????









em2t = 0 (2.12)








em2t = A(t) (2.13)





































































A(x )f (x )dx (2.22)
2.1. ?????????? 11
????????




em1(t x )  em2(t x )
i
(2.23)















A(x )f (x )dx (2.26)



































































































































































hX(t)i¥ ! 0 (2.42)







































































































































???????????????? z?????? n [?=m3]?????????????
??????????????????? x?????????????????? y(x)














































? T ?????? x?????? z???????? n+(x) [?=m3]??? z??????








???????????????????????? n?????? n??????? x?
??????? r(x)???????????????????????????????





























 k2y(x) = 0 (2.65)















? 2.4????????????y1??? 1?????y2??? 2?????????
? H ??????????????????????????????????????
?????????????,???????????????????????????











????yi(H)?si(H)???????? 1??? 2??????? H ?????? i??
????????????yi(¥)?si(¥)???????? 1??? 2??????? ¥?
2.2. ???????????????? 17



















y(x) = A1 coshkx+A2 sinhkx (2.71)
??????
x= 0???? y(0) = y1(H) (2.72)




















y1(H) = y1(¥) (2.76)
y2(H) = y2(¥) (2.77)
????s1(H)?s2(H)?? (2.69)?(2.70)?(2.75)?(2.76)?(2.77)???
s1(H) = ere0k (y1(¥)cothkH y2(¥)cschkH) (2.78)
s2(H) = ere0k (y2(¥)cothkH y1(¥)cschkH) (2.79)
???????s1(¥)?s2(¥)??
s1(¥) = ere0ky1(¥) (2.80)











18 ? 2? ????????????????????????????????
???????
y1(¥) = y1 (2.83)














s1(H) = s1(¥) (2.86)
s2(H) = s2(¥) (2.87)
????????? (2.78)?(2.79)?(2.80)?(2.81)???
ere0k (y1(¥)cothkH y2(¥)cschkH) = ere0ky1(¥) (2.88)
ere0k (y2(¥)cothkH y1(¥)cschkH) = ere0ky2(¥) (2.89)
??????????? (2.88)?? (2.89)???????y1(H)? y2(H)? y1(¥)?
y2(¥)?????
y1(H) = y1(¥)cothkH y2(¥)cschkH (2.90)













































??????a1?a2?? 1?? 2????H0?? 1?? 2?????????H?H0??































































































































????????? v??? c????????? (v c)???? c!¥????? p=mv
?????????????????????????????? E ?





????? (2.108)?????????????E?????? v? 0????? 0?????
E = mc2 (2.109)























j(x; t) = Aei(kx wt) (2.112)
?????????? w??? k?????? E???? p??????
E = h¯w (2.113)
p= h¯k (2.114)
2.3. ?????????????????????????? 23
??????h¯?????????????h¯= h=2p??????? (2.113)? (2.114)??
(2.112)???????????
j(x; t) = Aei(
p






















= Ej(x; t) (2.118)








































j(x; t) = 0 (2.122)
????? (2.122)????????????????????????????????
????????????????–?????????? [34]?
24 ? 2? ????????????????????????????????
2.3.3 ??????????????????










????? [29]?????h¯= h=2p??w????????????????????? n


























?????????????? 0< x< a?????????????–??????? (?
(2.122))???????????????????
j(0; t) = j(a; t) = 0 (2.127)
?????????? (2.122)???





























n= 1;2;3; : : : (2.130)
????????? [0;a]????? (2.122)????? f ? g???????














???? f ? f ?????????x0 = ct????( f ;g)??????????????
(j()n ;j()n0 ) =dnn0 (2.132)
(j()n ;j()n0 ) = 0 (2.133)
?????dnn0 ??????????????????????????????????
?????????????????????????????????????????























?????????????????  ¥ < x < ¥?????????????–????
26 ? 2? ????????????????????????????????
}????????????????????
x0 a
0- L/2 L/2 l
? 2.9: ???????????????? L( a)??????????????????
?????????????????????????
??? (? (2.122))???
















????????? ( ¥;¥)????? (2.122)? 2??? f ? g???????















(j()n ;j()n0 ) =d (k  k0) (2.138)
(j()n ;j()n0 ) = 0 (2.139)



































? 2.10: ??????????????????? a????????????? S???
????????????(a)? x-z???????(b)? x-y???????
??? (? 2.9??)?M??????????????????????????????























Et(r; t)jS = Bn(r; t)jS = 0 (2.144)
????r? x  y?????????? O???????????????????n?
x  y????????????????? t ??????????????? (2.125)??
???wJ???? J??????????????J = k = (kx;ky;kz)????kx?ky?kz?
?????????????? x???y???z??????
??????????????????????? E0(a)??????????????
?????????????????? ¥< x<¥? ¥< y<¥?0< z< a??????




n= 0;1;2; : : : (2.145)

































wJ = wk?;n = c
q












???????????????????????????????? a(0< z< a)???
???????E0M(a)?????????????????????????? ¥< x<¥?



























wk = cjkj= c
q




























































e2pt  1 [F(it) F( it)] (2.156)
??????? (2.155)????????????????F(z)?




??????A? A k?a=p ???????














































































?????? T??? z???????????????? r?????????????
??????
P(x ;h ;b ) =
8<: 0 h < f (x ); h > l  a2pR3e bhR
Z f (x ) h  l  a
(3.4)
?????? [36]? f (x ) = l  
p
l 2 x 2?b = mg=kBT ????x ,h ,a ,l ????? r,z,a,l







































































































































































b 2 4w ????????hhx(t)ii? hhx(t)2ii???????? 0??
?? kBT=m???????????????????












































+ : : :
#
(3.21)








[1  f (t)]+ x02 f (t) (3.23)
3.2. ????????????????????? 35
????????? f (t)?














????w  b ?? t  1?????? f (t)?
f (t) e  2w
2
b t (3.25)




??????? Einstein???? D = kBT=z ????????????????????
???????????????????????






















  2w2b t (3.29)












36 ? 3? ?????????????????????
?????????????????????????????????????????
????U pe;ps?Uce;ps?











































????)??? 0.2 mm??????????? (JGWP01300????)????????
(??????)? 15 ml????????? 0.6 mm????? (BIO-RAD)???????
?????????????????? 14 ml?????????? 1????? 2???
?????????????????????????? (CA-2480?????)????
??????? 5???????????
?? 4 mm??? 24????????????????????????? (TF2404?
?????)?????????????? 0.6 mm?????????????????
???? (M-100E Gilson)???? 14 mm?????????? 1???????????
???????????????????????? 10???????????????
?????????? 12????????????????????????????


























????????????? (LU Plan Fluor 20/0.45 Nikon)?????? (CFI 10/22
Nikon)?????? (LHS-H100P-2 Nikon)?????????????????????
CCD??? (WAT-902B Watec)???????????????????? CCD????
????????????????????CCD????????????? (GV-MVP/TZ
???????????)???? PC????????????????????????















???????????????? 3.6???????????????? rp = 19:3 g=cm3
????????????????????? (2.18 pg)????1???????????
??????? 21:3 mm??????? g= 9:7973 m=s2?T = 294:4 K?rd = 0:998 g=cm3
????????? mˆg = 1:97 pg??????????????????????????
?????????? 0.2 pg??? [37]?? (3.12)??????????????????
????????????????????????????? (3.8)?????????
??????????????????? 3.7? g= 9:8 m=s2?T = 293:15 K??????








???????????????????????? 0.1 nm???????a= 0:3 mm?
???????? mˆg????? m??? 1.0 fg??????
40 ? 3? ?????????????????????
? 3.5: ????????????????????????
3.4. ????? 41









































 Eq. (3.14) (numerical integration)
^
? 3.7: ??? mˆg?????m???????????? (3.13)????????????
??? (3.14)???????????????? hri??? m????? (3.8)??
????????? (3.14)?????hri??????????????
42 ? 3? ?????????????????????
3.4.2 ??????????????????????????????
? 3.8??????????? mˆ????? m??????????????????
?????????????????g= 9:8 m=s2??? T=293.15 K?? mˆ?? (3.12)?
dr = dz= 0:1 nm???????????????? hri???????????????
?????????????????????????????????????????




?????????????????? fg???????????? 2.18 pg??????
??? 10 fg???????? 3.9?????????????k 1??????????
1.0 mm???????????yp = 25 mV [42]?ys = 60 mV [43]?T = 293:15 K??






















-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0
ψs (mV)
ψp = -100mV,  c.p.  ψp = -100mV,  c.c.
ψp = -70mV,  c.p.    ψp = -70mV,  c.c.
ψp = -40mV,  c.p.    ψp = -40mV,  c.c.
ψp = -10mV,  c.p.    ψp = -10mV,  c.c.
^
? 3.8: ??? mˆ???????? m??????????????mˆ?????????


























? 3.9: ??? mˆ???????? m???????????mˆ???????????































































x2dx2d (x1;x2)P(x1;b )P(x2;b ) (4.4)
???????P(x ;b )??


































b + e b  1
b 2
(4.7)
????b =mgR=kBT ????x ? r? R??????????????????????
????? 4.2???????b ?????????????? (3:12)?????????
??????? (4=p)
p
(p=2b )????????????b = 104???????????
? 0.0177????? R= 2 mm??????????? hdi= 35 mm??????z  1?
??? z = l=R????????????????????????







2P(x1;b )P(x2;b )dx1dx2 (4.8)
???????C?????????? S? x1  x2???????































48 ? 4? ??????????????????????
S= S1[S2[S3 (4.9)
S1 = f(z1;z2) : 0 x1  z2 ;z  x1  x2  z +x1g (4.10)
S2 = f(z1;z2) : z2  x1  1 z ;x1  x2  z +x1g (4.11)
S3 = f(z1;z2) : 1 z  x1  1;x1  x2 1g (4.12)
???????? 4.3? a = 5:0103? 1:0104??????????????????





? 4.4????????????????????????? a1? a2????????








































































????? [25, 26]?????????????????????????Ube (Q1;Q2)?
Ube;ps(Q1)?Ube;ps(Q2)?Ue;pp(Q1;Q2)????????????Ube;ps(Qi)????????
??????????????????






















50 ? 4? ??????????????????????
???????hi??? i??????????????























????????? 1 mm??????????x4.1?????????????? dxy
















?? 2 mm????????????? 0.3 mm???????????????????
??????????????????? (4.21)??????????????? 4.5??
?????????????????dmax = 10 mm?????????????????
???????????????????? 58:8 mV????????????????






























? 4.5: ???????????????? 10 mm??????????????????
??
????????????????????Debye-Hu¨ckel??????????????




åNj=1 n jq j2
(4.23)
????q j? n j????? j????????????????????????????











?????????dxy (i)? 10 mm???????? i????????????????








(dxy (i) hdxy (N)i)2 (4.25)
52 ? 4? ??????????????????????



















































?????K????? (4:1810 4 mol=m3)?293.65 K?????C?1:1510 2 mol=m3
??????????? (4.23)???? lD = 0:206 mm??????? 4.5???????














54 ? 4? ??????????????????????












































































???????????? xl = 2pkBT l=h¯????????å0?????? l = 0????

























e(n)l ql  e(3)l k(n)l













???????????????????????????? [54]???? d = 2 nm??























??????a;b 2 fTM;TEg?????????? Tlm?Uabll0 ????????????
???Mie???? (5.7)?????????? (?????? [57]???)??????
???????????????????????M(m)????? lmax????????
??????????? lmax??? z=R???????????PFA??????????
58 ? 5? ????????????????
????????????????????????????????????? lmax = 20





??????rg = 1:932104 kg=m3 ? rb = 1:489103 kg=m3????????????







































? 5.2: ?????????????????? 500 nm????????????????
????
5.1. ?????????????? 59

















????????????? 3 nm??????????? (3 nm)??????????
??????????PFA?????????????????????????????









??????????? t = 0? z= z0????????????????????






60 ? 5? ????????????????
?????? [61]?h ???????????????298.15 K??????? h = 1:080
mPas???? R= 500 nm???? D= 6:3610 13 m2=s??? [59]?
??m?????????????????????????????????????
???????????? t???????????? P(z; t)?????????????
?? z(t)??? v(t)???? Ornstein-Uhlenbeck?? [16]??????????





????b ????????????B??? 2b 2D?Wiener??????























































? 5.4???????????? z(0) = ze?v(0) = 0????????Dt = 59:3 ns? 106
????????????????? 500 nm????????????????????
????????????????????????????????????????




































































































































































































































































P(z; t) = j(z)e l t (5.22)
62 ? 5? ????????????????
?????????????????? l ?????????????????????
?????? j(z)??????????????????
yn(z) = ef(z)=2kBTjn(z) (5.23)




??????? dnm??????????????? (5.24)???? zmax??? zmin???
??????????????????????????????????????





? zmin? zmax?????????????????? j????????? D j?????
? N???????? j??? z j????? z j+D j???? j????????????
f j  f(z j+D j=2)????????? ln?z j? z j+D j???????




d < 3 nm??????????????????????????? 2 nm?????
?????????????????????????????????? z0 = zmin  2:0
nm+R??????????????????????? de??????????????
?????????????????????????? zN = zmax  1:5 mm+R????
















M j (z j+1;kn)
24An; j
Bn; j






24 ef j=2kBT cos(kz) ef j=2kBT sin(kz)
 ke f j=2kBT cos(kz) ke f j=2kBT sin(kz)
35 (5.30)
5.1. ?????????????? 63
???????? (A j+1;B j+1)T?24An; j+1
Bn; j+1











S(kn)M 1N 1(zN 1;k)MN 2(zN 1;k) : : :M 11 (z1;k)M0(z1;k) (5.33)
???????C???????????????????????????? y 0n(zN) = 0
?????????????
[S21(k)sinkz0 S22(k)coskz0]coskzN +[ S11(k)sinkz0+S12(k)coskz0]sinkzN = 0 (5.34)







yn; j2(x;kn)dx= 1 (5.35)
????????
R= 500 nm?????z5 800 nm???? D j = 0:1 nm?z> 800 nm???? D j = 10 nm
????????? (5.34)??????????????????? l0 = 7:9610 10 s 1?
??????? l1 = 57:4 s 1????????????????????????????
?????t????????????????
P(z; t) ef(z)=2kBTy0(z)y0(ze)e l0t (5.36)








f 00(ze)jf 00(zmax)je f(zmax)=kBT (5.37)
?????? [64, 67, 68]????????????????????????zmax ???
????????????????????????????????R = 500 nm???
rK = 9:1310 10 s 1????????? l0 = 7:9610 10 s 1??????????
???????????????????????Kramers?????????????
??????????????????? f(zmax)??????????????????
64 ? 5? ????????????????
















? 5.5: ?????????????????????? 0.1 s?????? (???)???
????????????? Fokker-Plank??????????????? (??)
???


















































??????????????? R= 2:3 mm????????????????????
????????????????????????? R= 500 nm??????????
????????????????????????????????????????






?????????????????????? d = 2 nm??????????????
????????????????????Kramers?????????????????
?????? rK ? 0.06 s 1????????????????????? 15??????
???




























































































































































































???????????????? R = 0:5 mm??? 0.16?R = 1:0 mm??? 0.04??
??PFA?????????????????????????????????????
?? PFA???????????????????????? d=R = 0:16??? 0.95??


















d=R= 0:04??? 0.99???????? [60]????????????????????
?????? 0.5 mm???????????????????????????????




















0@" e(3)0 s1+ e(1)0 p
































e(1)(ix )  e(3)(ix )
e(1)(ix )+ e(3)(ix )
! 
e(2)(ix )  e(3)(ix )




























F(d;R) = 2pRE(d;R)  4
3
pR3 (rg rb)g (5.41)
?????????rg = 1:932104 kg=m3 ? rb = 1:489103 kg=m3 ?????????
????????????g= 9:8 m=s2 ????????? [59]?




































? 5.10: ?? R?????????
???? [68]?d = 10 nm?????????????????????????????
298.15 K????????? R= 0:5 mm??? 810 6?R= 1:0 mm??? 410 8??
















??????d0????????????????? 5.11? R = 0:5?1.0 mm?????
?????????????????????????????????????????
?????????????????????????????????????????























72 ? 5? ????????????????
R = 0.5 µm
R = 1.0 µm














? 5.11: ?? d?? 0.5 mm(??)? 1 mm(??)???????????
??????e??????e ?????????????k ??????????y1? y2













? k??????e = 1:5577???? [59]????T = 298:15 K???A= 0:45? k 1 = 26










??????????h???????????????298.15 K???????h = 1:080























































































































???????????????????????An??????? a ???? 0??
??????Amax = 0?????????????????An????????????
???????? a ????????? a ????????????

















?????? 5.12?????max= 103?? 0.1? 1.0???? d=R??????????
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??????? g˜ = 1+ g ????? 5.12??????????????????????
?????????????????





















































































































?????????????????????????????? 5.15?D= 2:1? 2.5?






















78 ? 5? ????????????????
D = 2.1
D = 2.5
? 5.15: ??????????????????? D=2.1? 2.5??WM??
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?????? A???????????hR(c)i? t ? L???????????????
????




80 ? 5? ????????????????
5.3.2 ???????
?? LL???? z ? z +dz ???????????? P(z )???????????
5.17? N = 10?M = 11?D= 2:1?g = 1:5?A=pM = 1???? 10??????????




M;N! ¥???????? t = 0????–???????????
s2 = hRc(0)i (5.65)
=
A2
1  g2D 6 (1+d (g;D)) (5.66)
??? (?? A??)?????





????? 5.18? g = 1:5? 2.0???????????D??????? d (g;D)????
d (g;D)?????D??????????????????d (g;D)?D= 2??????




























? 5.18: g =1.5? 2.0???? d (g;D)??????d (g;D)??????????????
??????d (g;D) = 0??????? A2=(1  g2D 6)?????????







????????????? k(g;D)??????m4????? P(z )?????????
?? (?? B??)???????????????????? 3??????3?????
???????????????????????? 5.19? g = 1:5? 2.0???????





? d???????????????????????? E0(d)??????? F0(d)??
82 ? 5? ????????????????
γ = 1.5
γ = 2.0






















































































?????????????? d zmin  d ????????????????????
?????????????????????????????Taylor?????????

























































































































































??????? f = 0?R! ¥???????????????????????????
?????????????????????????????????????????
???????????????????























??????xl ???????????? l???? xl = (2pkBT l)=h¯??????k???












































????????? l ??????? e1(ixl) < e3(ixl) < e2(ixl)????????????
????????????
????????????????????????????Drude???
eD(ix ) = 1+
wp2
x (x + g)
(5.85)
88 ? 5? ????????????????
?????wp?????????????g?????????????????????
? Ninham-Parsegian??





?????????? 5.23?????????????????????????wp = 9:12





U(a) = E0(a)+(rD rN)ga (5.87)
????????????rD? rN????????????????????g= 9:8 m=s2
??????????? 5.24? 300 K???? d = 0:5 mm??? (rD = 8:94 g=cm3)??
?????? (rN = 0:779 g=cm3)??????????????????????????















R2sin2q + l2(f ;q)+2Rl(f ;q) f (f ;q)sinf (5.89)
l(f ;q) =
Rcos2q
1+ sinf f (f ;q)
(5.90)
f (f ;q) =
cos3fcosq
q

















































????????????? ae = 176 nm????????














? 5.25: xy???????? R???? f ???????????? j? cos 1 f (f ;q)??
?????













??????DE(z;f) = E(Dz+ae;f) E(ae;f)????? 5.26????????????








????? 5.27?????????????????????????? 90 mrad????
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? 5.26: ????????????????????????????? Dz???? f ?
??????????????????? mm 1rad 1????






















dFint = (gd;w  gd;n)Aw (5.95)
??????gd;i???? i?????????????????????????????
gd ???? gi????????? gd;i?




i   Id;i (5.96)
???????????gdispp ???????????????Id;i???????????
???????????????Tamai?????????????????? [98]???
??????????–???????????? gd;w  gd;n? 36.7 mN=m???????
????????????????? Aw???????????




















???????g = 9:8 m=s2????????Dz? r! ¥??????????????
??????????? z(r)?? (5.98)?? (5.99)??????????????????
??????



























????????????????????? 49.6 mN=m??? [16]?????????
?? 2.1 mm????r < k 1???????????????????????????
?????? (5.98)??????????????????r = r0????z(r)? 0???
?????? [98]?????????????? qc? 140??????????????
?????? 5.28??????????????????????????????? Dz
? r = r0??????????????????????????



















???????????????????????? r = r0??????????
???????????
94 ? 5? ????????????????
????????????????????????????????????????
?????????????????????????????????????????
? 5.25????????? q ????????? (rmax(q)sinq ;rmax(q)cosq)????








??????????????za ? zab ????? ¶ z=¶a ? ¶ 2z=¶a¶b ????????
?????????????????? (5.105)?????? q ?????????????








????1?? r=R???????????????? (5.106)??? 2????r = R??
jzqq j  Rcotf ? jzrq j????? 0:53Rcotf ???????????r = R?? zr????
??????  cotqc???????????????? 1.19?????????????
f qc????? 2?? 1??????????????????????????????


































? 5.29: ?????????????????????????????? (??)????
????????????? (??)
5.5. ?? 95
????????????????????????????????? z(r;q ;f) = h(q ;f)










(Dz(r;q ;f))2drdq  U0 (5.107)
???????Dz(r;q ;f)???????????????U0? f = 0?????????
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?????? f (1)n;m? f (2)n;m? f (3)n;m??????
f (1)n;m = cos2fn;m (A.6)
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gn(g;t) g(0)n (g;t)+g(1)n (g)+g(2)n (g;t) (A.16)

















































































































I1 = dn1;n2dm1;m2dn3;n4dm3;m4 (1 dn1;n3dm1;m3)(1 dn1;n3dm1;M m3) (B.2)
I2 = dn1;n3dm1;m3dn2;n4dm2;m4 (1 dn1;n2dm1;m2)(1 dn1;n2dm1;M m2) (B.3)
I3 = dn1;n4dm1;m4dn2;n3dm2;m3 (1 dn1;n2dm1;m2)(1 dn1;n2dm1;M m2) (B.4)
I4 = dn1;n2dn3;n4dm1;m2dm3;M m1dm4;M m2 (B.5)
I5 = dn1;n3dn2;n4dm1;m3dm2;M m1dm4;M m3 (B.6)
I6 = dn1;n4dn2;n3dm1;m4dm2;M m1dm3;M m4 (B.7)
I7 = dn1;n2dn2;n3dn3;n4dm1;m2dm2;m3dm3;m4 (B.8)
?????????di; j??????????????????ni?mi?????? (i= 1; : : : ;7)















3 sinan1;m1  an1;m13 sinan2;m2
an1;m13an2;m2  an1;m1an2;m23
+











































hki= hm4i1+ hm4i2+ hm4i3
s2
(B.12)
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